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Abstract

There is an urgent need for predictive preclinical models to enhance the success rate of 
clinical trial outcomes. One of the main reasons for drug attrition is the lack of translational models, 
methods using human cells are particularly in the spotlight of regulatory bodies as they off er an 
alternative to in vivo studies and have the potential to improve the translational of preclinical 
trials. Organs-on-Chips (OoCs) are sensible candidates to reduce the cost and the ethical burden 
of animal models while accelerating and de-risking drug development. The innovation of such 
systems is based on both the increased relevance of the cells used and the ability to build precise, 
yet physiologically relevant, complex architectures. 

The use of microfl uidic technologies with human induced pluripotent stem cells (hiPSCs) 
opens new routes to create relevant in vitro approaches as they will soon be able to reproduce 
clinical characteristics of donors or specifi c populations. 

The adoption of OoC models by pharmaceutical industries, and in fi ne by regulatory agencies, 
still requires: (i) establishing standardized, reproducible, robust, and replicable cell culture 
protocols with specifi c validation and characterization criteria, (ii) evidence that the technology 
predicts human responses, thus allowing to contribute effi  ciently and reliably to clinical trials 
success of novel therapeutics, and (iii) evidence that the models refi ne and reduce animal testing 
without compromising with the quality and the pertinence of the data generated.

processes of more mature technologies, and extract what 
seemingly are going to be the keys to successfully developing 
predictive humanized preclinical OoC models:

• In-depth characterized micro luidic devices

• Fully characterized and relevant human cell types

• Speci ically designed micro luidic architectures to 
promote the physiological behavior of the cell populations

• Compatibility with high throughput screening and 
with the appropriate readout technologies

• A clear appreciation of the potential and the limitations 
of the models.

Introduction
Despite being a useful research tool, conventional in 

vitro models are often oversimpli ied to reduce cost, ease 
repeatability, and facilitate data interpretation. Consequently, 
they are not capable of reproducing the complexity of human 
physiopathology.  

Efforts to develop more elaborate in vitro systems, such as 
Organs-on-Chips (OoCs), are ongoing. Even without aiming 
at fully replacing animal testing, OoCs already have the 
potential to offer a powerful tool to reduce them and provide 
additional information that will help bridge the current gap 
between preclinical and clinical outcomes [1]. Albeit the 
ield is still relatively new, we can analyze the development 
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ef icient oxygenation, as has been highlighted, for example, 
with brain organoids grown in micro luidic devices [9,10]. 

Inherently, a micro luidic device can be designed to have 
a high level of control over the low of its luids, by ine-tuning 
the hydraulic resistance of its channels. This is of paramount 
importance, as the low of luids can generate mechanical 
stimuli (also known as shear stress) onto cells. Some areas 
of the human body, and thus some human cells, do not 
experience shear stress, while others, such as endothelial 
cells, rely on it to activate various cellular pathways that are 
essential to the morphology and functionality of their tissues 
[11]. The ability to modulate this low has been shown to 
have an impact on cell morphology, migration, and even 
differentiation for human stem cells [12,13].

Standardization and quality control

In order to be able to answer the needs and requirements 
of both industries and regulatory agencies, speci ic care 
should be given to industrialization, standardization, and 
quality control of the micro luidic platforms [14]. We 
believe that manufacturers’ efforts should converge toward 
standardization of manufacturing processes, design conside-
rations, and of characterization. 

The standardization of manufacturing processes is crucial 
to have various technology developers sharing a common set 
of control speci ications, demonstrating the robustness of the 
manufacturing and industrialization pipeline, and attesting 
to the quality of the devices produced. 

Standardization, in terms of design considerations, is 
equally important: micro luidic devices following the ANSI/
SLAS 4-2004 (R2012) (formerly recognized as ANSI/SBS 
4-2004) format are, by design, compatible with standard 
liquid handlers, automated culture platforms, automated 
imaging equipment and a variety of high-content screening 
technology. This, combined with electrophysiological 
recordings and supernatant analysis (biochemical assays, 
etc.), makes it the most promising platform to perform 
multi-parametric assays, optimize the quality, as well as the 
quantity, of data generated and paves the way toward high 
relevance high throughput screening.

User-friendliness priority

The adaptability of micro luidic devices, and thus OoCs, by 
end-users (academic researchers, companies, and clinicians) 
can be impeded by poorly designed platforms [15,16]. They 
should thus be: 

1. Easy to use without any additional equipment (i.e 
pumps).

2. Ready-to-use.

3. Provided with standardized cell culture protocols. 

In this opinion paper, we propose an analysis of the ield 
in the context of the aforementioned keys to the development 
of predictive humanized preclinical OoC models.

Microfl uidic technology: A stepping-stone to develop 
predictive in vitro models

High drug attrition rates suggest a lack of translational in 
conventional preclinical models [2]. To overcome this, better 
in vitro models are necessary [1,3]. Micro luidic devices are 
being used for a wide range of applications, but in the context 
of disease modeling and drug screening, at least two of their 
features appear, at irst glance, to be revolutionary. 

The irst one is their capacity to miniaturize all the luidic 
processes of the human body. Thanks to their ability to utilize 
micro volumes of luid, they only require small amounts of 
cells/compounds/biological samples (blood, urine, plasma…) 
to carry out tests and experiments.

The second one is their inherent ability to create separate 
compartments and control their interconnectivity. OoCs 
are generally composed of several of these compartments, 
enabling ef icient compartmentalization of the cell 
populations seeded in each of them. They are precisely 
interconnected with each other via microchannels, enabling 
neuronal communication between the populations while 
keeping them luidically isolated. This, in turn, allows the 
study of complex biochemical and physiological responses of 
one or several cell types [4]. The luidic isolation enables the 
use of OoCs to study the mechanisms of action of a compound 
applied onto speci ic cells or even onto speci ic cell parts (for 
example for neurons, applied onto the axons or onto the soma 
independently), or even to evaluate the indirect response in a 
secondary cell population. 

Compartmentalization is also possible with the 
integration of porous membranes, allowing the fabrication of 
barrier models like the ones present in various organs, such 
as the blood-brain barrier (BBB) or the gut epithelial barrier 
with a variety of cells populating each side of the membranes 
[5-8]. These models can provide invaluable insights into 
drug/compound barrier penetration and destabilization.

Microfl uidic technology: A new standard for cell 
culture

Cellular maturation is affected by direct and indirect cell 
interactions, but also by a variety of chemical and physical 
stimuli, whether they be properties of their extracellular 
matrix (ECM) or a consequence of what is happening in their 
microenvironments. Conventional culture plates lack the 
ability to reproduce most of these, which hinders reliable 
translational research. 

By capitalizing on the compartmentalization, micro luidic 
technologies can be used to provide cells with controlled 
and tailored ECM, with a controlled amount of nutrients and 
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4. Accompanied by experts to provide customer support 
and training, when necessary.

5. Compatible with analysis hardware and software 
adapted to the different stages of drug development.

Using human cells as a gold standard for relevant 
models

Human immortalized cells have been widely used as 
they allow them to turn parts of complex biology into simple 
models, are cost-effective, and provide an unlimited quantity 
of cells. Consequently, they are powerful tools to get access 
to a large library of scienti ic knowledge. However, these 
immortalized cell lines display substantial drifts in their 
transcriptional and epigenetic pro iles over prolonged 
culture times, along with a lack of morphological and/or 
functional features speci ic to the human body [17].

Conversely, human primary cells are directly isolated 
from tissues and keep their morphological and functional 
characteristics. However, there is a limited source and cells 
do not proliferate for extended periods of time. In addition, as 
these cells are often derived from biopsy or tumor extraction, 
there is limited access to healthy tissues, and in some cases, 
none are available (such as brain cells). 

In the last 15 years, human induced Pluripotent Stem 
Cells (hiPSCs) have gradually become the gold standard to 
build humanized in vitro models. By overexpressing speci ic 
transcription factors, Yamanaka and his colleagues were 
able to reprogram mature somatic cells into hiPSCs [18]. 
These cells have the capability to proliferate ad in initum 
and differentiate into virtually all the cell types found in 
the human body. They enable technology manufacturers to 
develop both healthy and diseased models to investigate 
pathologies mechanisms and drug ef iciency. Moreover, 
they may be the next logical step to produce patient-speci ic 
models (personalized medicine) or cohort-speci ic models 
(clinical trials on a chip).

Establishing standard operating procedure (SOP) for 
hiPSC cultures in microfl uidic devices

While micro luidic systems provide many advantages to 
improve cell culture micro-environments and maintain more 
reliable cell cultures [19], the lack of standard procedures 
for differentiation, maintenance, and the maturation of 
hiPSC lines can induce inconsistent experimental outcomes. 
Using hiPSCs thus often means starting with a long period 
of process development during which the protocol is being 
optimized. 

The adaptation of existing protocols in micro luidic 
devices requires considering the speci icities of this 
technology, such as laminar lows (which produce relatively 

slow diffusive mixing) and changes in scaling (i.e., media and 
cell concentrations to be reworked). Thus, when adapting 
protocols to micro luidic devices, the following should be 
veri ied: good differentiation, maturation, and long-term 
cell viability, as well as media renewal rate adjusted to the 
temporal needs of cells in external differentiation factors.

Establishing SOP is thus critical to ensure the repeatability, 
reproducibility, and robustness of the data generated. These 
adapted SOP should then be shared with the end-users, and 
should at least include: 

1. Cell culture growth and maintenance protocols.

2. Methodology to have a quanti iable, reproducible, and 
homogeneous seeding density.

3. Methodologies to monitor and evaluate cell 
morphology over time using qualitative and semi-
quantitative criteria. 

4. Analysis of the acceptable variability between different 
cell batches/cell suppliers.

Characterizing human iPSC derived cells in micro-
fl uidic devices: neurons case study

The study of neurological disorders is a prime example 
of the need for hiPSC-derived cells. Indeed, immortalized cell 
lines lack translation ability for predicting human response 
to drugs, and primary neuronal cells, essentially coming from 
either tumor post-mortem samples, are limited and often 
questionable in terms of preservation quality. Differentiated 
neurons from hiPSCs have the potential to provide better 
models for drug discovery [20-22]. To model mechanisms 
involved in these disorders, for example, neurons require to 
be fully matured and characterized, and several validation 
criteria must be established: 

1. The long-term viability of hiPSC-derived neurons in 
micro luidic devices,

2. Cell morphology is adequate with human observations,

3. Full differentiation of human iPSC in micro luidic 
devices (decrease of pluripotency markers etc.),

4. Validation of cell purity and display expression of 
speci ic markers,

5. Validation of functional activity.

When combined with the advantages of micro luidic 
technologies, such as compartmentalization, controlled 
connectivity, and shear low control, they offered an 
unprecedented opportunity to study the effects of drugs and 
therapeutics on humanized biological systems (Figure 1).
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Conclusion
Micro luidic technology enables the designing of 

minimalistic yet physiologically relevant cellular micro-
environments. As discussed here, efforts still have to be 
made in terms of standardization, characterization of both 
the micro luidic devices and their biological materials, and 
their adequation with the requirements of the targeted 
end-users. However, together with the right type of human 
cells, the appropriate quality controls, and the correct 
readouts strategy, it offers an unprecedented opportunity 
to optimize preclinical testing, improve safety and ef iciency 
screenings, and thus reduce the amount of failure in clinical 
trials. Its domain of application goes far beyond the sole 
pharmaceutical world: this technology also has the potential 
to revolutionize toxicity screening of compounds for cosmetic 
and chemical industries, for environmental agencies, and 
to design countermeasures against chemical and biological 
warfare.
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